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ABS TRACT’ 

Durinq  t h e  r e p o r t i n g  p e r i o d ,  March 15 ,  1365 t o  September  

15, 1965, sone prozress w a s  made on t h e  e x p e r i m e n t a l  pro‘jram and  

on t h e  t w o  parts of t h e  a n a l y t i c a l  s t u d y  of V/STOL t e s c i n g  pr-ob- 

lenis. 

The e x p e r i m n t a l  prm;ram was begun w i t h  the i n s t a l l a t i o n  o i  

a powered ro tor  m o d e l  in t ’ i e  wind t u n n e l .  F o r c e  and  moment d a t a  

w e r e  t a k e n  a t  v a r i o u s  l o n c j i t u d i n a l  st .ci t ions aloni.2 the test s e c t i o n  

c e n t e r l i n e  i n  an  e f f o r t  t o  f i n d  t h e  effects of t e s t i n - :  aear th,? 

e n d s  of t h e  s c c t i o n .  ‘i’hc r e s u l t s  w e r e  i n c o n c l u s i v e  a n d  do not  

show t h e  effects sou712t. A bet ter  s y s t e n  of r . c a s u r i n , j  “ inne l  a i r  

speed i s  needed, and t e s t i n , ;  must be donct a t  a h i . ;her  advance r a s i o .  

The a n a l y s i s  of tunnel internal f l o w  by t h e  u s e  of  the vori;e:z 

r i n g  method was e x t e n d e d  and iinp1:oved b y  d i s t r ibGki r ! . j  ?!-le vor t i c i c ,  

from discrete  r i n g s  t o  c o n t i n u o u s  s h e e t s  a l o n g  t h e  w a l l s .  ‘Ji:cre i s  

s t i l l  some m e c h a n i c a l  d i f f i c u l t y  w i t h  t h e  c o m p u t a t i o n  of SO IF.^ pai-L:s 

of t h i s ,  b u t  i t  i s  b e l i e v e d  t h a t  t h e s e  problems are not s e r i o x s .  

Much h a s  been  l e a r n e d  abou-t; t h e  a r t  of r e p r e s e n t i n g  coi l t i i luous 

d i s t r i b u t i o n s  by s i n g u l a r i t i e s .  



A be t j i nn ing  w a s  made on t h e  basic problem of c a l c u l a t i n : ;  

flow f i e l d s  of highly loaded systems i n  free a i r .  A su rvey  0: 

t n e  l i t e r a t u r e  was made and  it was found t h a t  a si i i iple reprcscn- 

t a t i o n  of .the vortex system was a d e q u a t e  t o  c a l c u l a t e  t h e  tra- 

j ec to ry  of a s t r e a m l i n e .  Of considerable i n t e r e s t  t o  the calcu- 

l a t i o n  of i n t e r f e r e n c e  i s  the demons-tra-Lion t h a t  t h e  vortex fila- 

nicnts t r a i l  downward a t  abou t  one-fourth t h e  angle of the mass of 

air as calculated 1317 s i n i p l e  inonenkurn theoi :y .  

In discussions w i t h  t he  :iraiit n o n i i o r ,  it was d e c i d e d  t o  

request e x t e n s i o n  of t h e  j r a n L  t o  J u n e  30,  13b6 w i t h o u t  a d d i t i o n a l  

fu11ds. 



EXPERIMENTAL 

The e x p e r i m e n t a l  p r o f p a n  t o  d e t e r m i n e  t he  l e n g t h  a l lowable  

i n  a t w o - t e s t - s e c t i o n  t u n n c l  p roceeded  w i t h  the i n s t a l l a t i o n  of 

a powered ro tor  sior!el i n  t h e  l a r g e r  t e s t  s e c t i o n .  A procjrani of 

t e s t i n g  was h e j u n  co  measure f o r c e s  and p i t c h i n :  mornents a t  sev- 

e ra l  s t a t i o n s  a l o n j  the c e n t e r l i n e  and downstream t o  the be ] in-  

n i n g  o f  t h e  second c o n t r a c i i o n .  P r e s s u r e  da t a  were t a k e n  Oi l  k h e  

w a l l s  and t u f t s  on tile walls were o b s c r v c d .  

A n a l y s i s  of t h e  d a t a  bids riot r e v c a l i n q  of any  s i l y n i f i c a i l t  

t r e n d s .  R e p e a i a b i l i  t y ,  w h i l e  a p p a r e n t l y  good enou-jh for  normal  

t e s t i n ; ,  was s u f f i c i e n t l y  u n c e r t a i n  t h a t  t h e  e f f e c t s  looked f o r  

~ ' 1 " ; ~ ~  l o s t  i n  tllc scattered data. T h e r e f o r e ,  a d e t a i l e d  s t u d y  

w a s  l~eqim t o  s e a r c h  for  sot-irces of error.  

I n  t h e  d e s i g n  of the c s p e r i x c n t  it w a s  t h o u g h t  t h a t  the cf -  

fects of  i n t e r e s t  would b e  thosc occur r lnc j  a t  l a r g e  downwash 

angles ,  and  so t h e  t e s t  seri-es w a s  e x e c u t e d  a t  l o w  advance  r a t i o s  

a n d  rather hi,gh d i s c  l o a d i n g s .  T h i s ,  of c o u r s e ,  i n t r o d u c e d  sev- 

e r a l  problcras beyond those of t u n n e l  f l ow d i r e c t i o n .  Among prob- 

lems i n t r o d u c e d  a re  t h e  u n c e r t a i n t y  of f l o w  s e p a r a t i o n  froi:: the 

t u n n e l  t o p  and  flow r e - c i r c u l a t i o n  i n  t h e  t e s t  s e c t i o n .  An a t -  

t e m p t  w a s  made t o  a v o i d  t h e s e  problems by s t a y i n g  a t  s u f f i c i e n t l l ,  

h i g h  advance r a t i o s ,  i ~ u t  the p r e s s u r e  and t u f t  da t a  i n d i c a t e  tha t :  

the  r e g i o n  chosen  w a s  mar( j ina1 .  



e 
i 

Another  problem w a s  t h e  ixeasurement of t u n n e l  a i r s p e e d .  

I t  had been  e x p e c t e d  t n a t  measurement of s t a t i c  p r e s s u r e s  on 

t h e  t u n n e l  w a l l s  i n  t h e  normal way would g i v e  a d e q u a t e  a i r s p e e d  

i n f o r m a t i o n ,  b u t  t h e  i n f l u e n c e  of t h e  ro tor  a p p e a r s  t o  be f e l t  

more s t r o n g l y  t h a n  a n t i c i p a t e d .  S i n c e  t h e  a i r s p e e d s  are l o w  

w i t h  r e s p e c t  t o  r o t o r  wake v e l o c i t i e s ,  t h e  i n t e r f e r e n c e  of t h e  

r o t o r  on p r e s s u r e  incasurcfiicnts c a n  have  a v e r y  l a r g e  p e r c e n t a g e  

a f f e c t  on t h e  a i r speed  va lue  and, c o n s e q u e n t l y ,  on lift coeffi- 

c i e n t s  and advance  r a t i o s .  Data  showed t h a t  i n c r e a s i n q  t h e  power 

i n p u t  t o  the r o k o r  w h i l e  the r o t o r  was t i l t e d  f o i w a r d  required 

more t u n n e l  propeller rpm t o  m a i n t a i n  ttie s a m e  s p e e d  i n d i c a t i o n s .  

T h e r c f o r e ,  i t  w a s  d e c i d e d  t h a t  a c o m p l e t e l y  i n d e p e n d e n t  a i r s p e e d  

measu r ing  sys t em would be r e q u i r e d .  

An e x p l o r a t i o n  i n t o  o t h e r  a i r s p e e d  measurement means was 

made. An a t t e m p t  was made t o  f i n d  a c o r r e l a t i o n  be tween t u n n e l  

a i r s p e e d  and t u n n e l  p r o p e l l e r  rpm w i t h  v a r i o u s  amounts of t h r u s t  

o r  dyaq produced  by a mode l  piopcller i n s t a l l e d  i n  the t e s t  sec- 

tioi?. A r a t h e r  7ood c o r r e l a t i o n  which a p p e a r e d  t o  be workable 

was found wlicn the t u n n e l  a i r s p e e d  w a s  h i g h ,  b u t  t h e  e f f e c t s  of 

t h r u s t  w e r e  q u i t e  l a r g e  a t  l o w  t u n n e l  a i r s p e e d .  C o n s e q u e n t l y ,  i t  

w a s  decided t h a t  a n  e n t i r e l y  i n d e p e n d e n t  a i r s p e e d  measurement 

scheme would be n e c e s s a r y  and t h a t  t h e  t e s t  series would have  t o  

be r u n  a t  h i g h e r  advance  r a t i o s .  
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e A l i A L Y S I S  OF TI-IE INTERNAL FLOW F I E L D  

The a n a l y t i c a l  w o r k  i n  t h i s  area w a s  e x t e n d e d .  The formu- 

l a t i o n  of t h e  vortex rincj method f o r  c a l c u l a t i n 3  i n t e r n a l  f l o w s  

as s ta ted  i n  R e f e r e n c e  (1) w a s  checked  i n  d e t a i l .  T h e  l o c a t i o n  

of c o n t r o l  p o i n t s  had  p r e v i o u s l y  b e e n  e x p l o r e d  and  found t o  b e  

of c o n s i d e r a b l e  impor t ance .  I n  t h e  p r o c e s s  of r ev iewin . ,  the 

p r e v i o u s  work, an  error i n  t h e  c a l c u l a t i o n  of t h e  c o n t r o l  po inL 

l o c a t i o n  w a s  found .  I t  had been shown t h a t  the con t ro l  poin;s 

s h o u l d  bc located n o t  on tile c e n t e r l i n e ,  b u t  a b o u t  six-tenths of 

the d i s t a n c e  l a t e r a l l y  f r o m  tile c e n k c r l i n e  t o  t h e  wall of the 

t u n n e l .  The computer  program, however,  had  been  se t  up to calcu- 

l a t e  a d imens ion  t h a t  w a s  s i x - t e n t h s  of t h e  o r d i n a t e  of the nea r -  

e s t  upstrearn vor tex  r i n g .  C o r r e c t i o n  of t h i s  error changed iAc 
0 

;aa- jni tude of the f low and fj.avc be t te r  aljreemcnt; w i t h  the area 

r a t i o s .  

I t  w a s  found ihai; thc t o t a l  f l o w  velocj-ty i s  e x t r e m e l y  sensi- 

t i v e  t o  the d e t a i l s  of t h e  e : i i t .  A s  i n  t h i n  a i r f o i l  t h e o i y ,  the 

K u t t a  c o n d i t i o n  a t  t h e  t r a i l i n q  edge i s  a m o s t  power fu l  i n f l u e n c e  

on t h e  f low and  mus t  be very- c a r e f u l l y  h a n d l e d .  A t t empt s  t o  end 

t h e  e x p a n s i o n  s e c t i o n  a t  t h e  correct area, bu t  w i t h  an e x p a n d i n ?  

a n q l e ,  l ed  t o  much too h i g h  speed i n t e r n a l  f l o w .  A t t e m p t s  w e r e  

made w i t h  s t r a i g h t  e x i t  s e c t i o n s  of v a r y i n g  l e n g t h  w i t h  iinprove- 

men t .  A f i n a l  c o n f i y u r a t i o n  w a s  c h o s e n  i n  which  t h e  e n t r y  and 

3 



e x i t  l e n q t h s  w e r e  each a h o u t  one diaveter.  The r e s u l t i n g  c e n t e r -  
0 

l i n e  ve loc i t i e s ,  w i t h  these c i i an je s ,  w e r e  i n  ag reemen t  w i t h  t h e  

area r a t i o s  and  tile n a p i t u d e s  w e r e  i n  ag reemen t  w i t h  t h e  desired 

c o n d i t i o n  of uniforn; i n l e t  and  e x i t  f low.  

An i n v e s t i y a t i o n  was itjade i n t o  non-uniform vortex s p a c i n g  

w i t h  v e r y  poor r e s u l t s .  Closer s p a c i n j  (doub led )  i n  the smallest  

s e c t i o n  l e d  t o  a v e l o c i t y  d i s t r L l m L i o n  a l o n j  t h e  c e n t e r l i n e  which  

was ?ore n z a r l y  uniTorm, i J i i ~  a l s o  r e s u l t e d  i n  i n d u c i n g  a d d i t i o n a l  

i low i n t o  chaL re \ ; i on  of t!ie t u n n e l  i n  v i o l a t i o n  o f  c o n t i n u i t y .  

IC appears  i i ; a t  tlic vortex s t u e i i c j t h s  are b i a s e d  when t h e  c o n t r o l  

p o i n  L s  and vor tc;= r in5js a r c  not u n i f o r m l y  s p a c e d .  

So J.e considera1,lc effort w a s  expended i n  c a l c u l a t i n g  the f l o w  
0 

f i r s c  t 5 a c  tile q u a l i t y  of s o l u T i o n  would de t e r io ra t e  a t  p o i n t s  n e a r  

the w a l l ,  dependin \ ;  on  whether -I;’riose p o i n t s  w e r e  taken n e a r  a vortex 

p a r e d  and found t o  a (rcc well  i n  the c e n t r a l  t w o - t h i r d s  of t h e  

l a r  rcr ~ e s t  s e c t i o n  and i n  t h e  c e n t r a l  one-ha l f  of t he  smal le r .  

A l L i l ~ ~ j h  t h i s  is pj.oi>a’uly s u f f i c i e n t  for wind t u n n e l  des icp ,  nore 

e o n I i d e n c c  i n  Lhe r e s u l t s  would be L e l t  i f  t h e  w a l l  c o u l d  be ap- 

proaciled :nore closely. T h e  p l a n  for t h i s  w a s  t o  d i s t r i b u t e  t h e  

T - T O r C i c l - t y  d c t c r n i n c d  by "Lie discre te  r i n ;  method i n  some way t o  

pcrnit c a l c u l a t i o n  oi i n t e rna l  v e l o c i t i e s  a l l  t h e  way t o  t h e  w a l l ,  

e 
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S e v e r a l  x e t h o d s  of d i s t r i b u t i o n  w e r e  c o n s i d e r e d ,  i nc lud in \ ; .  s tep-  

w i s e  d i s t r i b u t i o n ,  a sei-ics of conLinuous s t r a i i j h t  l i n e s ,  and a 

power- series.  S i n c e  th? s o l u t i o n s  a l r e a d y  o b t a i n e d  w e r e  near1;T 

good enoul$i, i t  w a s  d e c i d e d  t h a t  the s t e p - w i s e  d i s t x i b u t i o n  olfcrcd 

an a d e q u a t e  i:nprovemcn t. a t  the ninii-iiurti increase  i n  complexi.ky. 

e 

C o n s i d e r a b l e  d i f f i c u l t - y -  w a s  encoun- te red  w i t h  t h i s  approacl? . 
I n t e j r a t i m 7  tiic cf f e c t  of t h e  d i s t r i b u t e d  v o r t i c i t y  on the f l a - t  

un i fo rm s e c t i o n s  . ~ a v c  no t rouble ,  b u t  the t a p e r e d  sec t io r i s  i n k r o -  

duccd c o m p l i c a t i o n s .  The a n a l y t i c a l  i n t e g r a l s  c o n t a i n e d  a iiuiniier 

of s p e c i a l  cases w l i c r e  a r h i y u i t y  of s i , . ;ns  c o u l d  n o t  L e  r e s o l v e d .  

AnoLlier f o r a  of the i n t e 3 r a l  w a s  e v e n t u a l l y  found i n  w h i c l ;  the s i  j 

w e r e  d e t e r m i n a b l e ,  b u t  a t  the end of the x-epoxtincj period tilere 

w a s  s t i l l  t r o x b l e  i n  r u n n i n q  - the  c o m p u t a t i o n .  I n  a n  i n i z e x  L2. i  

e f f o r t  t o  see i f  the computa t ion  had improved by the d i s t r i J 3 u t i o r i  

of v o r t i c i t y ,  the s l o p i i i j  sections were r e p l a c e d  by a s e r . i - s  i-if 

f l a t ,  s t r a i c j h t ,  s t a i r - s t e p - l i k e  s e c t i o n s .  Complete  COi11pui;aiiol;:; 

u s i n : ;  t h i s  nethod cyave what a p p e a r e d  t o  be -xce l len ; r .  r e s u l t s  i n  C 

s t r c a i n - w i s e  d i r e c t i o n  even close t o  the w a l l .  'The cross-flow 

coInponents c a l c u l a t e d  by tLiis n e t h o d  appea red  i n c o n s i s t e n k  n e a r  

t h e  w a l l  oE t h e  t u n n e l ,  so  these were c a l c u l a t e d  usincj the s i n i j u -  

l a r i t y  s o l u t i o n  o r i g i n a l l y  deve loped .  'I 'his gave  results w h i c h  

looked be t t e r ,  p r o h a b l y  Ilecause t h e  s i n p l a r i t y  v a l u e s  w e r e  

d e t e r m i n e d  by t h e  c r o s s - f l o w  c o n d i t i o n  a t  the w a l l  i n  the f i r s t  

place.  F l o w  f i e l d s  were c a l c u l a t e d  t h i s  way for t h e  geometry oE 

a 
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t h e  UWAL*one-eighth scale  model t u n n e l  and  for a n o t h e r  t w o - t e s t  

s e c t i o n  t u n n e l  h a v i n g  a s h o r t  t e s t  s e c t i o n  and  r a t h e r  s h a r p  con- 

t r a c t i o n s .  These  f i g u r e s  are a t t a c h e d ,  

At t h i s  p o i n t ,  t h e  g e n e r a l  s o l u t i o n  is i n c o m p l e t e  due t o  

t h e  problems i n  c a l c u l a t i n g  t h e  e f f e c t s  of s t c p - w i s e  d i s t r i b u t e d  

v o r t i c i t y .  The d i f f i c u l t i e s  are b e l i e v e d  t o  be mechan ica l  i n  

n a t u r e  and n o t  basic  t o  tne n a t u r e  o f  t h e  problem.  

INTERFERENCE CALCULATIONS 

T h e  i n i t i a l  o b j e c t i v e  i n  t h i s  e f f o r t  w a s  t o  e x p l o r e  t h e  

aerodynamics  o f  h i g h - l i f t  sys t ems  i n  f r e e  a i r  and  i n  wind t u n n e l s  

i n  o r d e r  t o  f i n d  t h e  d i f f e r e n c e  t o  be c h a r g e d  t o  i n t e r f e r e n c e .  

The f i r s t  sys t em t o  be s t u d i e d  w a s  a s i m p l e ,  non-powered sys tem 

i n  which t h e  l i f t  i s  g e n e r a t e d  by  c i r c u l a t i o n .  When c i r c u l a t i o n  

l i f t  i s  l a r g e  t h e  u s u a l  l i n e a r  a p p r o x i m a t i o n s  are  no l o n g e r  v a l i d  

and  so developments  must be c a r e f u l l y  done  t o  a v o i d  a p p r o x i m a t i o n s ,  

T h e  work o f  B e t z ,  P r a n t d l ,  Wes tbe rge r ,  Kaden, and S p r e i t e r  and 

S a c k s  w a s  rev iewed and s e v e r a l  theorems of v o r t e x  f l o w  w e r e  

c h e c k e d .  The approach  of Cone w a s  f o l l o w e d  t o  s o l v e  f o r  t h e  t r a -  

j e c t o r y  of t h e  wing  wake. A s e t  of c o n c l u s i o n s  h a s  been  reached 

which  may i l l u m i n a t e  t h e  i n t e r f e r e n c e  problem.  

* U n i v e r s i t y  of Washington A e r o n a u t i c a l  L a b o r a t o r i e s .  
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The theoreins  s t a t e  t h a t  t h e  c e n t e r  of g r a v i t y  of a vortex 

s h e e t  r ema ins  a t  t h e  same span-wise l o c a t i o n  a f t e r  r o l l i n g  up 

i n t o  a r o t a t i o n a l  core i iavin3 t h e  p r o p e r t i e s  of a s i n g l e  f i l a -  

men t .  F u r t h e r n o r c ,  i t  h a s  been shown t h a t  the r o l l i n g  up d i s -  

t a n c e  is v e r y  s h o r t ,  1iein-J of  t h e  o r d e r  o f  o n e - q u a r t e r  t h e  s p a n  

f o r  h i g h l y  l o a d e d  l o w  a s p e c t  ra t io  w i n g s .  Thus,  the u s e  of a 

simple, horseshoe v o r t e x  system i s  a c c e p t a b l e  f o r  c a l c u l a t i n g  

t r a j ec to r i e s .  

When t h e  path f o l l o w e d  by a t r a i l i n g  t i p  v o r t e x  i s  c a l c u -  

l a t e d ,  it is  s e e n  t o  nove only under  t h e  i n f l u e n c e  of t h e  other 

h a l f  of t h e  p a i r  and  of the bound segment .  I t  i s  e a s i l y  s e e n  

t h a t  t h e  t r a i l i n g  f i l a m e n t  moves downward o n l y  o n e - f o u r t h  as  f a s t  

as a s t r e a m l i n e  i n  t h e  p l a n e  of symmetry, s i n c e  t h e  e f f e c t  a t  the 

c e n t e r l i n e  is  clue t o  b o t h  t r a i l i n g  components a t  a d i s t ance  of 

only onn-half tile span .  The  iise of simple momentum Lheory yields 

a w a k e  d e f l e c t i o n  v e r y  closc t o  t l iat  c a l c u l a t e d  a t  t h e  c e n t e r l i n e  

due t o  t h e  t r a i l i n g  p a i r .  While s i m p l e  momentum migh t  be used  

t o  c a l c u l a t e  t h e  t ra jectory of t h e  iiiass zf air d e f l e c t e d ,  it 

w i l l  overestimate tile f i n a l  c l c f l e c t i o n  o f  t h e  v o r t e x  f i l a m e n t s  

by a l i t t l e  more t h a n  a f a c t o r  of fouro I n  some a p p l i c a t i o n s  

w h e r e  tne t r a j e c t o r i e s  have been  of i n t e r e s t  o n l y  i n  the near  

ne ighborhood ,  t h e  l o c a l  downwash a n g l e  has been  t a k e n  as one -ha l f  

of t h e  f i n a l  a n g l e  found by t h e  momentun t h e o r y ,  which r e d u c e s  
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t h e  e r r o r  by o n e - h a l f .  An i n t e r e s t i n c j  r e s u l t  i s  t h a t  t h e  e f f e c t  

of t h e  bound segment  c a u s e s  the t r a i l i n g  f i l a m e n t s  t o  move down- 

ward a t  v e r y  n e a r l y  t h e i r  f i n a l  a n g l e  r i g h t  from t h e  s t a r t .  

The end of t h e  r e p o I t i n g  p r i o c l  c o r r e s p o n d e d  t o  t h e  b e g i n -  

n i n g  of t h e  academic y e a r .  Two cjraduate  s t u d e n t s  had  b e e n  re- 

c r u i t e d  c l u r i n j  t h c  s ? r i n g  term and w e r e  a v a i l a b l e  t o  s t a r t  work 

€or t h e  19G5-66 s c h o o l  ycar. C o n s u l t a t i o n  with t h e  g r a n t  m o n i t o r  

ha6 r e s u l t e d  i n  a d e c i s i o n  t o  r e q u e s t  e x t e n s i o n  of t h e  g r a n t  

p e r i o d  t o  J u n e  30, 1966 w i t h o u t  a d d i t i o n a l  f u n d s ,  and t h i s  re- 

q u e s t  i s  penclinq . 

I n  t h c  n e x t  per iocl ,  it i s  p l a n n c d  t h a t  the revised tcs t  p ro -  

gram w i l l  be c a r r i e d  out i n  the model Lunnel w i t h  an i n d e p e n d e n t  

a i r s p e e d  sys t em.  The i n  t c r n a l  f l o w  c a l c u l a t i o n  proyrauu s l lou ld  be 

coilipletec? 2nd a tech~ical r e p o r t  p r e p a r e d  on t h a t  s u h j c c t .  C o n p u -  

t a t i o n  of v o r t e x  t r a j e c t o r i e s  i n  a c l o s e d  t u n n e l  w i l l  be a t t e m p t e d  

by an  e x t e n s i o n  o f  t h e  i n t e r n a l  f l o w  c a l c u l a t i o n  method combined 

w i t h  t h e  free a i r  v o r t e x  t r a j e c t o r y  c a l c u l a t i o n  method. 
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